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Abstract
The aim of this study was to investigate the impact of heat stress on physiological features, together with endogenous 
hormones and the transcription level of related genes, to estimate the heat resistance ability and stress injury mechanism 
of different dwarfing apple rootstocks.  Among the six rootstocks, the rootstocks of native Shao series (SH series) showed 
better heat stress resistance than those of Budagovski 9 (B9), Cornell-Geneva 24 (CG24), and Malling 26 (M26) from 
abroad.  Among SH series rootstocks, SH1 and SH6 showed higher heat stress resistance than SH40.  M26 demonstrated 
the lowest adaption ability to heat stress, showing higher leaf conductivity and lower liquid water content (LWC) with the 
increase in temperature.  Heat stress also resulted in the suppression of photosynthesis, which showed no significant res-
toration after 7-day recovery.  It should be noted that although a higher temperature led to a lower LWC and photosynthetic 
efficiency (Pn) of CG24, there was no significant increase in leaf conductivity, and 7 days after the treatment, the Pn of CG24 
recovered.  The extremely high temperature tolerance of SH series rootstocks could be related to the greater osmotic ad-
justment (OA), which was reflected by smaller reductions in leaf relative water content (RWC) and higher turgor potentials 
and leaf gas exchange compared with the other rootstocks.  Determination of hormones indicated multivariate regulation, 
and it is presumed that a relatively stable expression levels of functional genes under high-temperature stress is necessary 
for heat stress resistance of rootstocks.
Keywords: dwarfing apple rootstock, SH series rootstocks, heat stress, physiological features
important fruit tree species in the world.  China currently 
has the largest apple cultivation area and production in the 
world, 1.99×106 ha and 35×106 t, respectively, during the 
2011/2012 season (FAO 2013).  The apple production has 
gradually become an important pillar industry to increase 
the income of farmers and improve the ecological environ-
ment in major planting regions.  However, in Loess Plateau 
and Bohai Gulf areas, which are two main apple-producing 
regions in China, a clear rise in temperature was observed 
during the last five decades.  In Loess Plateau, the year-
ly highest temperatures showed an increasing trend of 
0.249°C every 10 years since the 1960s (Ren et al. 2013), 
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1. Introduction
Apple (Malus domestica) is one of the major economically 
© 2016, CAAS. Published by Elsevier Ltd. This is an open 
access art ic le under the CC BY-NC-ND l icense (http:/ /
creativecommons.org/licenses/by-nc-nd/4.0/).
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while in Beijing, which is located in the Bohai Gulf area, 
the yearly days of high temperature (more than 35°C) 
increased stepwise since the 1970s (1970s: 3.4 days; 
1980s: 4.8 days; 1990s: 7.3 days; 2000s: 11.5 days) (Shi 
2012).  The environmental temperature is considered both 
a limiting factor and a stimulus with respect to the plant’s 
physiological processes based on species, and thus has 
a huge impact on agricultural activities, while heat stress 
is a common threat for apple production, the frequency of 
high temperature occurrence is increasing and could bring 
challenge to the apple farming in China.
Like many fruit trees, apple trees do not reproduce 
true-to-type from seeds (Jensen et al. 2003).  Rootstocks 
are commonly used with apple to maintain the vigor and 
achieve early fruiting; it is also a key factor affecting the 
tolerance of apple trees to salt, drought, temperature, 
and disease (Yang et al. 2011; Bai et al. 2013).  Thus, 
heat tolerance of apple rootstocks is an important trait 
for breeding and cultivation.  Many dwarf and semi-dwarf 
apple rootstocks have been developed since the 1960s. 
For example, the Malling and Malling Merton series (M and 
MM series) were developed by East Malling Experiment 
Station, UK; the Polish series (P series) was selected by 
the Horticulture Institute, Poland; the Budagovski series (B 
series) was selected by Russian and the Cornell-Geneva 
series (CG series) by the United States.  Apple dwarf root-
stock breeding has been steadily increasing in China.  The 
Shao series (SH series) of dwarf and semi-dwarf rootstock 
were mostly selected by cross-breeding M. honanensis× 
M. domestica “Ralls Genet” by Shanxi Academy of Agri-
cultural Sciences in China (Jin et al. 2012).  They had cold 
and drought resistance and early flowering and fruiting in 
the scion cultivars.  The SH series are the widely used 
dwarfing rootstocks of apple in China.  
However, owing to the low soil organic matter content 
(around 1%) compared to orchards in Europe and the 
United States (around 3%) (Zhang et al. 2013; Sun et al. 
2014), more than 90% dwarfing apple orchards employed 
the base stock/inner stock/variety system (Qin et al. 2011). 
All base stocks used were native to China with roots flour-
ishing, which showed better water and mineral nutrition 
absorption ability to maintain tree developing under drought 
and low-soil-nutrient conditions.  Dwarfing rootstock was 
used as the inner stock to control the vigor and promote 
flower bud differentiation.  Pingyi Tiancha (M. hupehensis 
var. pinyiensis) is one of the most widely used base stocks 
in apple production in China, which belongs to the family 
Rosaceae, with strong ability for apomictic reproduction, little 
variation, and separation of offsprings (Yang et al. 2010).
Heat stress disturbs cellular homeostasis and can lead 
to severe retardation in growth and development, and even 
death.  Plants have evolved a variety of responses to ele-
vated temperatures that minimize damage and ensure the 
protection of cellular homeostasis.  In this study, six apple 
dwarfing rootstocks (B9, Budagovski 9; CG24, Cornell-Ge-
neva 24; M26, Malling 26; SH1, SH6, and SH40, Shao 
series 1, 6, and 40, respectively) were grafted onto Pingyi 
Tiancha to study plant growth and physiological features 
under extremely high temperatures (41°C, 43°C, 45°C; 28°C 
as control).  The impact of heat stress on photosynthetic 
efficiency, leaf chlorophyll content, leaf conductivity, and 
water potential was detected, together with endogenous 
hormones including trans-zeatin-riboside (ZR), methyl 
jasmonate (MeJA), indole propionic acid (IPA), gibber-
ellin (GA), abscisic acid (ABA), dihydrozeatin (DHZR), 
and auxin (IAA).  For further analysis of the molecular 
mechanism underlying the six dwarfing rootstocks’ toler-
ance for high-temperature stress, several related genes 
on mRNA expression level were detected.  Based on the 
previous studies, two transcription factor (TF) families 
(mitogen-activated protein kinases, MAPKs, and v-myb 
avian myeloblastosis viral oncogene homolog, MYB), 
two plant hormone signal components (ethylene receptor 
and IAA response factor) and one well-known heat shock 
protein (HSP) family were considered.  For consistency 
of candidate genes in all six dwarfing rootstocks, most of 
the gene members from the aforementioned five families 
were cloned and sequenced.  Finally, five highly conserved 
members, MdMAPK1, MdMYB1, MdERS1b, MdIAA27, 
and MdHSP17.5, from each gene family were selected. 
mRNA expression levels under high-temperature stimula-
tion were determined with real-time qPCR, and then the 
response polymorphism among six dwarfing rootstocks 
was observed to estimate the stress injury mechanism of 
different rootstocks.  The aim of this study was to test the 
high-temperature resistance of selected inner dwarfing 
stocks under extremely high temperatures.  Furthermore, 
the transcription responses of rootstocks could be valuable 
in selecting dwarfing rootstocks with thermo tolerance.
2. Results
2.1. Leaf water potential
At 28°C, CG24 (–1.5 MPa) showed a higher leaf water po-
tential compared with other rootstocks (–2.2 to –2.8 MPa); 
CG24 was the most sensitive rootstock to stress reiteration, 
showing sharply decreased relative water content upon heat 
stress repetition at 41°C.  The plant was under a combination 
of heat and drought stress.  M26 also showed decreased 
relative water content with a rise in temperature.  However, 
the leaf water potential values of the SH series rootstocks 
and B9 did not differ significantly between heat treatment 
and control until the temperature reached 45°C (Fig. 1).
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2.2. Electrolyte leakage analysis
The membrane damage was assessed indirectly by the 
electrolyte leakage rate of leaf.  The electrolyte leakage rates 
of SH1, SH6, and SH40 did not change significantly at the 
temperatures 28, 41, 43, and 45°C.  The values ranged from 
19.4 to 24.6%.  In addition, the electrolyte leakage rates sig-
nificantly increased in CG24, B9, and M26 with an increase 
in temperature.  The values ranged from 23.6 to 37.3% 
(Fig. 2).  High temperature stress increased the electrolyte 
leakage rate from the apple rootstock leaves.  The results 
showed that the mechanical damage of leaf membrane 
was different in six apple stocks.  M26, B9, and CG24 were 
more sensitive than SH series stocks, while SH1 and SH6 
showed the strongest resistance to high-temperature stress. 
2.3. Photosynthetic efficiency (Pn), transpiration rate 
(Tr), and stomatal conductance (Gs)
As shown in Table 1, at 41°C, the Pn of SH1, SH6, and M26 
decreased around 20%, while around 40% increase in Pn 
was observed in SH40, CG24, and B9.  For all stocks except 
SH6, Pn decreased on the first day but increased stepwise 
on the second and third days, indicating the adapting abil-
ity of the stocks.  After 7 days recovery at 28°C following 
heat treatment, all stocks except M26 showed more than 
40% higher Pn compared with the control, which was in 
accordance with the short-period heat treatment having a 
growth-stimulatory effect, but for SH40 and M26, Tr and Gs 
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Fig. 1  Effect of high temperature on leaf water potential of apple 
rootstocks at different temperatures.  SH1, SH6, and SH40, 
Shao series 1, 6, and 40, respectively; B9, Budagovski 9; M26, 
Malling 26; CG24, Cornell-Geneva 24.  CK, plants grown at an
average temperature of 28°C.  The same as below. 
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Fig. 2  Effect of high temperature on leaf electrolyte leakage 
rates of apple rootstocks at different temperatures. 
Table 1  Photosynthesis efficiency (Pn), transpiration rate (Tr), and stomatal conductance (Gs) of different treatments
Rootstocks1)
CK 41°C 43°C 45°C
Treatment 7 DAT2) Treatment 7 DAT Treatment 7 DAT Treatment 7 DAT
SH1 Pn (µmol m
–2 s–1) 6.09 6.70 4.64 9.53 4.12 9.36 3.48 9.48 
Tr (mmol m
–2 s–1) 2.18 2.75 1.90 2.22 1.79 2.48 1.92 2.16 
Gs (mmol m
–2 s–1) 91.59 106.16 86.39 95.94 114.97 88.46 110.07 67.19 
SH6 Pn (µmol m
–2 s–1) 6.21 7.20 5.20 8.70 6.79 7.52 4.44 7.75 
Tr (mmol m
–2 s–1) 2.14 2.09 2.30 2.46 2.11 1.91 1.69 2.03 
Gs (mmol m
–2 s–1) 99.83 70.89 109.34 96.64 104.56 63.42 89.33 64.72 
SH40 Pn (µmol m
–2 s–1) 6.02 7.32 6.51 10.60 3.59 9.23 2.53 4.51 
Tr (mmol m
–2 s–1) 2.46 2.34 2.46 1.88 1.98 2.25 1.92 1.25 
Gs (mmol m
–2 s–1) 122.86 81.77 124.86 76.69 118.70 115.40 118.99 42.86 
B9 Pn (µmol m
–2 s–1) 5.95 6.47 6.82 9.15 3.22 8.55 2.26 4.22 
Tr (mmol m
–2 s–1) 2.06 2.32 2.27 2.64 2.12 2.26 2.09 2.81 
Gs (mmol m
–2 s–1) 103.52 110.29 106.30 114.05 128.19 77.97 126.63 95.74 
CG24 Pn (µmol m
–2 s–1) 5.60 6.52 6.41 10.34 3.94 6.08 2.56 5.01 
Tr (mmol m
–2 s–1) 1.67 2.90 2.39 2.34 2.13 2.54 1.82 2.63 
Gs (mmol m
–2 s–1) 81.90 112.89 107.35 88.84 138.11 96.76 108.61 96.11 
M26 Pn (µmol m
–2 s–1) 6.57 7.03 4.64 6.05 3.69 4.79 2.61 3.25 
Tr (mmol m
–2 s–1) 2.35 2.45 2.39 1.88 2.02 3.30 1.79 3.41 
Gs (mmol m
–2 s–1) 129.91 122.21 115.64 74.75 120.78 137.88 102.65 141.48 
1) SH1, SH6, and SH40, Shao series 1, 6, and 40, respectively; B9, Budagovski 9; CG24, Cornell-Geneva 24; M26, Malling 26. 
2) DAT, days after treatment.  CK, plants grown at an average temperature of 28°C.  The same as below.
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decreased more than 20 and 30%, respectively.
At 43°C, the Pn of SH6 was not significantly affected, 
while for other stocks, Pn decreased significantly.  Pn of SH1, 
SH40, and M26 increased stepwise on the second and third 
days, indicating certain adapting ability of stocks at 43°C; 
however, CG24 showed a decrease in Pn after each heat 
treatment, together with a more than 60% increase in Gs. 
After 7 days recovery at 28°C following 43°C treatment, as 
well as 41°C treatment, SH1, SH6, SH40, and B9 showed 
a higher Pn, except M26 and CG24, although the Pn of M26 
recovered to the normal level.  The more than 50% increase 
in Tr suggested certain irreversible damage.  For M26, Pn 
was 72.9% of the control, together with the 40.2% increase 
in Tr, suggesting a more serious irreversible damage than 
that in the case of CG24.
At 45°C, the Pn of all stocks was inhibited.  Pn of SH40, 
B9, and M26 decreased more than 70%, while the Pn of 
all stocks except CG24 increased stepwise on the second 
and third days.  After the first heat treatment, the Tr and Gs 
of SH series stocks decreased to maintain the leaf water 
content, and increased on the second and third days to 
cool the leaf.  But for B9 and CG24, after the first heat 
treatment, Gs increased immediately, which might be related 
to a higher Tr need under serious heat stress.  However, 
Tr of B9 decreased after the second and third treatments, 
which could be related to a lower water transfer ability of 
the stem.  For M26, Pn, Gs, and Tr  decreased significantly. 
Seven days later, the Pn of SH1 and SH6 was, respectively, 
55.6 and 24.7% higher than that of the control, while the 
Gs was 26.6 and 35.2% lower than control.  However, the 
Tr values showed no significant difference compared with 
the control, indicating that after heat treatment, the stoma 
structure of SH1 and SH6 was modified to achieve a higher 
gas exchange efficiency and meanwhile maintain a relatively 
stable Tr, resulting in a higher Pn.  Seven days after 45°C 
heat treatment, the Pn of B9, CG24, M26, and SH40 was still 
significantly lower than that of the control, and the Tr of B9, 
CG24, and M26 was 36.5, 57.4 and 44.9% higher than that 
of the control, indicating a serious irreversible damage.  It 
should be noted that the SH series stocks showed a different 
reaction pattern under heat shock.  Gs and Tr were still much 
lower than the control even after a 7-day recovery period. 
Meanwhile, the Pn, Tr, and Gs of SH40 at 45°C were similar 
to those of SH1 at 43°C.
2.4. Plant endogenous hormone analysis
Heat stress led to an increased level of cytokinin for all 
rootstocks, including ZR and DHZR (Fig. 3).  For all SH se-
ries rootstocks, heat stress led to a significantly lower ABA 
content, while for B9 and M26, the ABA content decreased at 
41°C but not at 43 and 45 °C.  It is presumed that the plant 
would lower the ABA content to prevent aging process.  The 
GA level of SH series was stable under heat stress; however, 
the GA level of SH6 decreased 40% at 45°C.  For M26 and 
B9, heat stress led to a lower GA level.  On the contrary, 
heat stress led to an increase in the GA level of B9; at 45°C, 
it was around 50% higher than that of the control.  For B9 
and CG24, the MeJA level increased significantly with the 
rise in temperature, indicating physical injury; however, for 
M6 and SH series rootstocks, the MeJA level showed no 
significant increase.
2.5. Gene expression of apple rootstocks at different 
temperatures
High-quality total RNA was obtained; the yield of total RNA 
was 658–711 μg g–1 fresh weight.  For all samples, the 
A260/230 ratio was higher than 2.0.  This indicated that the 
RNA was of high purity without polyphenol and polysaccha-
ride contamination.  The A260/280 ratios ranged from 1.96 
to 2.02, indicating a lack of protein contamination.  The RNA 
integrity was assessed by a denaturing 1.2% agarose gel. 
For all RNA samples tested, distinct 28S and 18S rRNA 
bands without degradation were observed.  
The effects of high temperature on the expression level 
of genes correlated with high-temperature stress were de-
termined by qRT-PCR (Fig. 4).  At 28°C, the mRNA levels of 
MdAUX/IAA and MdER of CG24 increased by about 9-fold 
and 14-fold, respectively.  Similarly, the mRNA levels of 
MdAUX/IAA, MdHSP, and MdMYB were upregulated, with 
increases of about 4-fold.  The MdMAPK gene mRNA levels 
of all apple stocks were lower.  The MdMYB gene mRNA lev-
els of B9, CG24, M26, SH1, and SH6 were down-regulated 
(Fig. 4).  At 41°C, the MdHSP gene mRNA levels of SH6 and 
B9 increased by about 6-fold to 7-fold.  The MdHSP gene 
mRNA levels of CG24, M26, SH1, and SH40 were lower. 
The MdAUX/IAA gene mRNA level of M26 increased by 
about 2.5-fold.  The MdAUX/IAA gene mRNA levels of other 
rootstocks were down-regulated.  The MdER gene mRNA 
level of M26 increased by about 2.5-fold, while the mRNA 
levels of others were lower.  Similarly, the MdMAPK gene 
mRNA level of M26 increased by about 2.5-fold, while those 
of other rootstocks were lower.  The MdMYB gene mRNA 
levels of B9 and SH6 were upregulated, with increases of 
3.5-fold and 6-fold, respectively.  The MdMYB gene mRNA 
levels of CG24, M26, SH1, and SH40 were down-regulated 
(Fig. 4).
At 43°C, the MdHSP gene mRNA level of SH40 increased 
by about 12-fold.  The MdHSP gene mRNA levels of B9 and 
M26 were about 2- to 2.5-fold.  The MdHSP gene mRNA 
levels of CG24, SH1, and SH6 were down-regulated.  The 
MdER gene mRNA levels of M26, SH40, and SH6 increased 
by about 9-fold, 6-fold, and 2-fold, respectively.  The levels 
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of others were lower.  The MdMYB gene expression of B9, 
M26, and SH40 were up-regulated and that of CG24, SH1, 
and SH6 were down-regulated.  The MdAUX/IAA and Md-
MAPK mRNA levels were low, about 0- to 2-fold (Fig. 4).  At 
45°C, only the MdER gene mRNA level of SH40 increased 
by about 9-fold and the MdER gene expression of SH40 
was down-regulated.  Moreover, MdAUX/IAA, MdHSP, 
MdMAPK, and MdMYB gene expression was low in apple 
rootstocks B9, CG24, M26, SH1, and SH6 (Fig. 4).
3. Discussion
Generally, heat stress lowered the leaf water content of all 
rootstocks in this experiment.  Maintaining a relative stable 
leaf water potential was important for physiological activities 
such as photosynthesis.  Meanwhile, transpiration was one 
key process for leaf cooling under heat stimulation (Paudel 
et al. 2015).  CG24 and M26 were more sensitive rootstocks 
to stress reiteration, showing a significantly decreased rel-
ative water content upon heat stress repetition.  The study 
on the response of Arabidopsis (Rizhsky et al. 2004) and to-
bacco (Rizhsky et al. 2002) to a combination of drought and 
heat stress showed that drought or drought and heat stress 
resulted in the suppression of photosynthesis and stomatal 
conductance compared with heat stress.  In this experiment, 
the plant was under a combination of heat and drought 
stress, while for SH series and B9, it was mainly heat stress 
repetition rather than drought stress until the temperature 
reached 45°C.  The liquid water content (LWC) result was 
consistent with the leaf conductivity, which was an indicator 
of leaf physiological damage.  Seven days after the heat 
stimulation, the Pn of SH series and B9 increased around 
50%, while Gs decreased 25–45%.  However, Tr showed no 
significant change.  Thus, it is presumed that high-tempera-
ture stimulation could change the pore structure to obtain 
more CO2, which was in accordance with previous reports 
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Fig. 3 Plant endogenous hormone analysis of different 
treatments.  ZR, trans-zeatin-riboside; MeJE, methyl jasmonate; 
IPA: indole propionic acid; GA, gibberellin; ABA, abscisic Acid; 
DHZR, dihydrozeatin; IAA, auxin.
1030 ZHOU Bei-bei et al.  Journal of Integrative Agriculture  2016, 15(5): 1025–1033
showing that short heat stimulation had a growth-promoting 
effect on the plants.  However, the mechanism of stomatal 
regulation still needs to be explored.  Considering Pn, Pn 
after 7-day recovery, and LC, SH1 and SH6 showed better 
heat resistance than SH40 and B9.
Among the six rootstocks, M26 demonstrated the 
lowest adaption ability to heat stress, showing a higher 
leaf conductivity and a lower LWC with the increase in 
temperature.  Heat stress also resulted in the suppression 
of photosynthesis, which showed no significant restoration 
after 7-day recovery.  It should be noted that although a 
higher temperature led to a lower LWC and Pn of CG24, no 
significant increase in leaf conductivity was reported.  Even 
under 45°C treatment, Pn recovered to 89% 7 days after 
the treatment.  Hence, it is presumed that heat stress did 
not lead to physical damage of CG24, although the LWC 
decreased sharply.
The content changes of seven hormones suggested 
among all six dwarfing rootstocks, the contents of both ZR 
and DHZR were more significantly changed at 45°C than 
at 41 and 43°C, indicating a synthetic effect caused by high 
temperature.  Moreover, a sharp increase in ZR content at 
45°C was observed in all rootstocks except in SH40 and 
CG24, while the DHZR contents significantly increased only 
in SH40 and CG24, showing two distinct cytokine regulation 
patterns in six dwarfing rootstocks.  Combined with cyto-
kines, auxins and GAs contribute to improving cell viability 
and promoting plant growth (Davies 2009).  In the process 
of rootstock leaves responding to a high temperature, a 
significant increase in IPA contents in B9, CG24, and M26 
was detected, in contrast to a smooth change in SH series. 
However, the contents of IAA in B9, CG24, and M26 showed 
a decreasing trend, reversed to the change in IPA content. 
In SH series, three rootstocks maintained a stable level of 
IAA contents except SH6, which showed a decrease at 41 
and 45°C, indicating a distinct tolerance for the tempera-
ture gradients.  Interestingly, an obvious increase in GA3 
content was only observed in B9, which was well known 
for cold-resistance ability.  Moreover, the response of B9 to 
high-temperature stress was also reflected in its ABA con-
tents.  In contrast to a decrease or small changes in other 
rootstocks, B9 showed a significant rise in ABA contents 
with an increase in temperature.  It was widely reported 
that ABA concentration was significantly elevated by heat 
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Fig. 4 Gene expression of apple rootstocks at different 
temperatures. MdER, Malus domestica ethylene receptor; 
MdHSP, Malus domestica heat shock protein; MdAUX/IAA, 
Malus domestica AUX/IAA; MdMPK, Malus domestica mitogen-
activated protein kinase; MdMYB, Malus domestica MYB. 
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stress, such as in canola (Kurepin et al. 2008) and bean 
(Incrocci et al. 2000).  Also, the contents of MeJA, which 
was previously studied for plant defence against abiotic/
biotic stresses (Santino et al. 2013), showed a significantly 
positive linear relationship with high temperatures in B9 and 
CG24.  The determination of plant hormones indicated the 
complex multivariate regulation of apple dwarfing rootstocks 
in response to high-temperature stress.  It also showed that 
ZR and IPA have a major role in regulating high-temperature 
adaption while MeJA seems to be involved in evaluating the 
degree of heat injury.
It is important to note that the stability or less influence of 
high-temperature stress, to some extent, is more important 
for rootstock resistance.  Based on the conductivity, turgor 
potential, hormone contents, and other physiological indexes 
tested, a high consistency points out that SH1 and SH6 
have an outstanding resistance to high-temperature stress.
Transcription factors (TFs) in transcriptional regulation 
mediated plant response to stress environments have 
been extensively studied (Merchan et al. 2007), including 
both MAPK and MYB families.  In this study, MdMAPK1 
and MdMYB1 did not seem to have an obvious regulation 
pattern under some trial conditions.  MdMAPK1 in SH1 and 
SH40 were down-regulated by high-temperature stress, 
while in others the situation was reverse.  Combined with 
physiological determination, it is presumed that MdMAPK1 
and MdMYB1 are upregulated sensibly by high temperatures 
in heat-sensitive rootstocks, while mRNA expression levels 
are negatively correlated with the anti-heat stress ability of 
the rootstocks.  
Auxin response gene MdIAA27 belongs to short-lived 
transcriptional factors that function as repressor of early 
auxin response genes at low auxin concentrations, and 
are upregulated by auxin even at a low-level increase.  In 
contrast to SH series rootstocks, M26, B9, and CG24 had 
significant changes in MdIAA27 expression levels in re-
sponse to high-temperature treatment, indicating changes 
in auxin content and an adverse effect on normal physio-
logical activity.  
Although high temperature was deemed a distinct re-
sponse factor for HSPs, the expression of MdHSP17.5 in 
six dwarfing rootstocks tested was upregulated only in M26 
and B9; even down-regulation was observed in SH6 and 
SH40.  In Hirosaki Fuji fruit (M. domestica), MdHSP17.5 
was involved in high-temperature stress, oxidative stress, 
and fruit ripening.  Based on anti-heat stress assessment 
of six dwarfing rootstocks in view of physiological indexes, 
it is considered that whether positive or negative regulation, 
functional genes with a relatively stable trend of expression 
under high-temperature stress are necessary for resistant 
rootstocks.
4. Conclusion
The SH series rootstocks in China showed the highest heat 
resistance ability.  M26 showed the lowest adaption ability 
and CG24 showed high recovery ability.  ZR and IPA have 
a major role in regulating high-temperature adaption while 
MeJA seems to evaluate the degree of heat injury.  The gene 
expression results indicated that a relatively stable expres-
sion of functional genes under high-temperature stress was 
necessary for heat stress resistance in rootstocks.
5 Materials and methods
5.1. Material preparation and sampling
One-yr-old B9, CG24, M26, SH1, SH6, and SH40 were 
grafted on rootstock Pingyi Tiancha and grown in pots (10 
L volume) for 5 mon; 50 plants were prepared for each 
rootstock.  Twelve plants of each rootstock with consistent 
medium growth were selected to perform the experiment 
in four phytotrons.  At first the plants were all grown at an 
average temperature of 28°C.  The room temperature of 
three phytotrons was raised to 41, 43, and 45°C for 4 h 
(11:00–15:00, Beijing time) for different treatments.  The 
high-temperature treatment was performed for 3 d.  For 
each plant, every day right after the 4-h heat treatment, the 
leaf photosynthetic rate, conductivity, and water potential 
were evaluated and the leaves were collected for hormone 
analysis and RNA extraction.
5.2. Physiological index detection
All leaf tissue evaluations were performed using uniform 
fully expanded mature leaves from the mid-stem area of 
each of the three replicates per rootstock and treatment. 
The average of the measurements taken for three leaves 
was considered representative of each individual plant.  The 
leaf water potential was measured after heat treatment with 
a Scholander-type pressure chamber (Soil-Moisture Equip-
ment Corp, CA, USA).  The leaf conductivity/leaf membrane 
thermal stability was measured using the procedure of Gulen 
and Eris (2004).  Fully mature leaves of each cultivar were 
selected from three different plants at different temperature 
treatments.  The cut leaves were immediately placed into a 
plastic bag and transported to the laboratory.  Ten leaf disks 
(1 cm in diameter) were cut from fully mature leaves per 
treatment.  The disks were lightly rinsed in distilled water, 
gently blotted with paper, and placed in test tubes containing 
20 mL of distilled water.  The samples were washed slowly 
on the shaker at 250 r min–1 for 3 h at room temperature. 
After incubation, the electrical conductivity of each solution 
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was measured using a conductivity meter (Jingke, DDSJ-
308A model, Shanghai, China).  After measuring initial 
electrolyte leakage (C0), the samples were heat-killed at 
100°C and the final electrolyte leakage (Cf) was measured 
at room temperature.  Percentage electrolyte leakage=(C0/
Cf)×100.  The leaf photosynthetic rate, transpiration rate, and 
stomatal conductance were determined employing a CI-340 
handheld photosynthesis system (Camas, WA, USA).  The 
data were analyzed using the analysis of variance, and the 
least significant differences (LSD) were calculated.  
5.3. Plant endogenous hormone analysis
Endogenous ZR, MeJIA, IPA, GA, ABA, DHZR, and IAA 
were extracted and purified following the modified method 
of Arkhipova et al . (2005).  The hormones were detected 
using ELISA kits based on monoclonal antibodies (China 
Agricultural University, Beijing) according to the protocol 
provided by the manufacturer.  The ELISA tests were per-
formed with 96-well microtitration plates.  Each hormone 
was tested in triplicate.
5.4. Real-time PCR amplification and quantifying 
relative mRNA expression
The leaves of apple interstocks were collected from trees 
growing at different temperatures, immediately frozen in 
liquid nitrogen, and stored at –80°C until needed.  Total 
RNA was isolated from 100 mg tissue using Gasic’s method 
(Gasic et al. 2004).  First-strand cDNA synthesis was per-
formed using the RevertAid First Strand cDNA Synthesis Kit 
(Fermentas, MD, USA).  Reverse transcription polymerase 
chain reaction (RT-PCR) amplification was performed to 
demonstrate gene expression.  The primers were construct-
ed on the basis of the conserved sequence for an apple 
actin gene (Table 2).  
A total of six primer pairs were synthesized by Sangon 
Biotech (Shanghai, China) according to the sequences re-
ported by the National Center for Biotechnology Information 
of China (Table 2).  For each PCR, 1 μL of template cDNA, 
equivalent to approximately 100 pg total RNA, was mixed 
with 10 μL of 2× SYBR Green PCR master mix and 5 pmol 
each of the forward and reverse primers in a final volume 
of 20 μL.  PCR reactions were performed with CFX96 Re-
al-Time PCR Detection System (BioRad, Singapore).  All 
reactions were run in triplicate.  PCR conditions were as 
follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 
s and 60°C for 10 s.  The performances of the selected five 
sets of primers and actin gene primers were tested by SYBR 
Green with melt-curve analysis using CFX96 Real-time PCR 
Detection System software.  The data were also analyzed 
by the CFX 96 Real-time Detection System software.
5.5. Statistical analysis
The LSD test (belonging to ANOVA group of tests) was used 
to evaluate the statistically significant differences between 
different rootstocks.  The differences were tested at prob-
ability levels P=0.05.  All statistical tests were performed 
using SPSS Statistics 20 (IBM, NY, USA).  
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